The interaction sites of rabbit skeletal troponin I (TnI) with troponin C (TnC), troponin T (TnT), tropomyosin (Tm) and actin were mapped systematically using nine single cysteine residue TnI mutants with mutation sites at positions 6, 48, 64, 89, 104, 121, 133, 155 or 179 (TnI6, TnI48 etc.). Each mutant was labeled with the heterobifunctional photocrosslinker 4-maleimidobenzophenone (BP-Mal), and incorporated into the TnI Á TnC binary complex, the TnI Á TnC Á TnT ternary troponin (Tn) complex, and the Tn Á Tm Á F-actin synthetic thin ®lament. Photocrosslinking reactions carried out in the presence and absence of Ca 2 yielded the following results: (1) 
The interaction sites of rabbit skeletal troponin I (TnI) with troponin C (TnC), troponin T (TnT), tropomyosin (Tm) and actin were mapped systematically using nine single cysteine residue TnI mutants with mutation sites at positions 6, 48, 64, 89, 104, 121, 133, 155 or 179 (TnI6, TnI48 etc.) . Each mutant was labeled with the heterobifunctional photocrosslinker 4-maleimidobenzophenone (BP-Mal), and incorporated into the TnI Á TnC binary complex, the TnI Á TnC Á TnT ternary troponin (Tn) complex, and the Tn Á Tm Á F-actin synthetic thin ®lament. Photocrosslinking reactions carried out in the presence and absence of Ca 2 yielded the following results: (1) BP-TnI6 photocrosslinked primarily to TnC with a small degree of Ca 2 -dependence in all the complex forms. (2) BP-TnI48, TnI64 and TnI89 photocrosslinked to TnT with no Ca 2 -dependence. Photocrosslinking to TnC was reduced in the ternary versus the binary complex. BP-TnI89 also photocrosslinked to actin with higher yields in the absence of Ca 2 than in its presence. (3) BP-TnI104 and TnI133 photocrosslinked to actin with much higher yields in the absence than in the presence of Ca 2 . (4) BP-TnI121 photocrosslinked to TnC with a small degree of Ca 2 -dependence, and did not photocrosslink to actin. (5) BP-TnI155 and TnI179 photocrosslinked to TnC, TnT and actin, but all with low yields. All the labeled mutants photocrosslinked to TnC with varying degrees of Ca 2 -dependence, and none to Tm. These results, along with those published allowed us to construct a structural and functional model of TnI in the Tn complex: in the presence of Ca 2 , residues 1-33 of TnI interact with the C-terminal domain hydrophobic cleft of TnC, $48-89 with TnT, $90-113 with TnC's central helix, $114-125 with TnC's N-terminal domain hydrophobic cleft, and $130-150 with TnC's A-helix. In the absence of Ca Introduction Troponin I (TnI) is the inhibitory subunit of the Ca 2 -regulatory protein troponin (Tn), which together with tropomyosin (Tm), regulates the contraction of vertebrate striated muscle (reviewed by Farah & Reinach, 1995; Leavis & Gergely, 1984; Zot & Potter, 1987) . It is so called because it is capable of binding actin and inhibiting actomyosin ATPase by itself. The other two subunits of Tn are TnC and TnT, the Ca 2 and Tm-binding subunits, respectively.
The crystal structure of TnC reveals two globular domains, the N and C-terminal domains (N and Cdomains, respectively) connected by the central helix (Herzberg & James, 1985; Sundaralingam et al., 1985) . Each domain contains a hydrophobic cleft and two metal ion binding sites, the Ca 2 -Mg 2 sites in the C-domain, and the Ca 2 -speci®c physiological triggering sites in the N-domain. It was proposed that the binding of Ca 2 to the Ndomain sites triggers the opening of the N-domain cleft, exposing some hydrophobic residues that would provide a Ca 2 -dependent interaction site for TnI (Herzberg et al., 1986) . That this Ca 2 -induced conformational change does occur was veri®ed by¯uorescence , NMR (Gagne et al., 1995; Slupsky & Sykes, 1995) and X-ray crystallography (Houdusse et al., 1997; Strynadka et al., 1997) studies. Its physiological importance was demonstrated by Grabarek et al. (1990) and Fujimori et al. (1990) .
In contrast to TnC, little is known about the structure of TnI. Two low-angle neutron scattering studies have shed some light on the structure. Based on their X-ray and neutron scattering data on TnIÁTnC in 2-3 M urea , Olah & Trewhella (1994) constructed a model in which TnC adopts the same structure as the crystal structure of free TnC, and TnI forms two``cap'' regions over each TnC domain, linked by a segment that winds around TnC's central helix. A neutron scattering study by Stone et al. (1998) on TnIÁTnCÁTnT without the use of urea led them to a model of TnI composed of a prolate and an oblate ellipsoid of revolution, whose mutual orientation was changed upon the removal of Ca 2 . There is, however, considerable information on the functions and interactions of TnI fragments. Proteolytic or synthetic peptides corresponding to residues 96-116 (the inhibitory region) can bind TnC and inhibit actomyosin ATPase activity (Syska et al., 1976; Talbot & Hodges, 1981) . Using recombinant TnI fragments and a native gel binding assay Farah et al. (1994) showed that TnI interacts with TnC in an antiparallel manner, i.e. the C-terminal region of TnI binds to TnC's N-domain and vice versa. The more recent crystal structure of intact TnC complexed with an N-terminal TnI peptide, residues 1-47 (TnI 1-47 ), revealed that residues 3-33 form an a-helix that binds to TnC's C-domain cleft (Vassylyev et al., 1998) . Our photocrosslinking studies using intact TnI in TnI ÁTnC Á TnT showed that TnC's central helix interacts with TnI's inhibitory region in an antiparallel manner (Kobayashi et al., 1991 (Kobayashi et al., , 1994 Leszyk et al., 1987 Leszyk et al., , 1988 . More recently Tripet et al. (1997) , using various C-terminal peptides of TnI, obtained evidence implicating residues 140-148 as a``second Tm Á F-actin binding site'' and residues 116-131 as a``second TnC binding region''. NMR studies showed that TnI peptides that correspond to or contain this latter region interact with several TnC residues at its Ndomain hydrophobic cleft (McKay et al., 1998 (McKay et al., , 1997 . Our recent photocrosslinking study showed that in intact Tn, TnI Met121 is at TnC's N-terminal cleft (Luo et al., 1999) .
TnT is clearly required to properly anchor TnIÁ TnC on the Tm Á F-actin ®lament, and for full Ca 2 activation of S1ÁTnÁTmÁF-actin ATPase (reviewed by Farah & Reinach, 1995; Perry, 1998) . It has been suggested that TnT residues 205-255 and TnI residues 53-106 constitute a TnI-TnT interaction site and that the interaction may take the form of a coiled coil as both regions possess strong heptad repeat motifs (Pearlstone & Smillie, 1985) . A recent yeast two-hybrid assay study supported the above assertion (Stefancsik et al., 1998) .
Here, we constructed nine full-length rabbit skeletal TnI mutants with single cysteine residues located at positions 6, 48, 64, 89, 104, 121, 133, 155, and 179 (TnI6, TnI48 etc.) (Figure 1 ) for the purpose of attaching the photoactivatable crosslinker 4-maleimidobenzophenone (BP-Mal). Photocrosslinking experiments were then carried out in the presence and absence of Ca 2 on the binary TnIÁ TnC complex, the ternary TnI Á TnC Á TnT Tn complex, and in the Tn Á Tm Á F-actin reconstituted thin ®lament. The experiments yielded a detailed map of the proteins with which each region of TnI interacts, and, together with published results, provide suf®cient information for us to construct a more detailed model for TnI and TnC in the Tn complex. assessed by SDS-PAGE. The amount of materials loaded were adjusted so that the amounts of TnC and TnI were the same for each sample. Thus, roughly speaking, the intensities of the crosslinking bands could be compared from sample to sample. All thin ®lament samples were sedimented immediately after irradiation to ascertain that none of the proteins had dissociated from the ®lament.
Results

Photocrosslinking
Irradiation of BP-TnI6 ÁTnC in both the 4Ca 2 and 2Mg 2 states produced an intense band, with a slightly lower electrophoretic mobility (higher in position or M r ) than TnT (M r 31 kDa) corresponding to a 1:1 TnI-TnC photocrosslinked product (M r 21 18 39 kDa) (Figure 2(a) ). The same result was obtained for BP-TnI6ÁTnC Á TnT, indicating that TnT does not alter the TnI-TnC interaction in this region. No higher M r bands that could correspond to TnI-TnT crosslinking are evident, indicating that TnT is not in the vicinity of TnI residue 6. For Tn ÁTm Á F-actin containing¯uor-escently labeled actin, a faint (M r 50-60 kDa) band is present in the absence of Ca 2 in both the Coomassie blue stained gel and the¯uorescence picture of the unstained gel (Figure 2(b) , panels 1 and 2, respectively). This may correspond to a 1:1 TnI-actin (M r 21 42 63 kDa) photocrosslinked product, but the intensity of this band is too low (cp TnI104 and TnI133 below) to draw any de®nitive conclusions. Note also that there are several bands of even lower mobility in both the stained and¯uorescence pictures. These are not likely to be BP-TnI6 photocrosslinking bands because by and large, their mobilities are too low (M r > 70 kDa), and because they are present regardless of whether the actin is labeled or unlabeled, by itself or complexed, and whether the samples were UV irradiated or not. They are also highly variable in mobility and intensity from one experiment to another. Moreover, they are invariant with respect to the metal state in contrast to the TnI-actin photocrosslinking. They most likely correspond to actin polymers that could not be dissociated by SDS.
This experiment with BP-TnI6 in Tn Á Tm Á F-actin was also carried out using unlabeled actin and ā uorescently labeled TnC mutant. This was necessary because the TnI-TnC (M r 39 kDa) band overlaps with that of actin (M r 42 kDa). Although relatively weak owing to absorption by the actin band,¯uorescent TnI-TnC bands can clearly be seen both in the presence and absence of Ca For BP-TnI64, a major and a minor TnI-TnC photocrosslinking bands are observed in both TnIÁTnC and TnIÁTnCÁTnT (Figure 4(a) ). The bands are weaker in the latter, while intense Ca 2 -insensitive TnI-TnT photocrosslinking bands are observed. In the thin ®lament containing either CPactin or CP-Tm, the same intense Ca 2 -insensitive 50-60 kDa bands are present in the stained gels (Figure 4(b) , panels 1 and 3) but not in the¯uor-escence pictures of the same gels (panels 2 and 4), indicating that they correspond to TnI-TnT crosslinking. Coomassie blue stained and¯uorescence picture, respectively, of the same gel; ®laments contains CP-Mal labeled actin (CP-A); 3 and 4: same as 1 and 2, except that ®laments contain 1,5-IAEDANS-labeled TnC5 or other mutants (DAN-C). bin and ter, the binary TnI Á TnC and the ternary TnI ÁTnC Á TnT complex, respectively; A, actin; ÀUV, before ultraviolet irradiation; Ca, in the presence of 0.2 mM CaCl 2 ; Mg, in the presence of 2 mM EGTA and 6 mM MgCl 2 ; TnI-TnC and TnI-A, photocrosslinking product of TnI and TnC, and TnI and actin, respectively.
Troponin I Photocrosslinking
For BP-TnI89 TnI-TnC photocrosslinking is strongly Ca 2 -sensitive in TnI ÁTnC; it is weakened by the presence of TnT in TnI Á TnC ÁTnT with concomitant appearance of intense Ca 2 -insensitive TnI-TnT photocrosslinking ( Figure 5(a) ). In Tn Á Tm Á F-actin 50-60 kDa bands are again present but, in contrast to TnI48 and TnI64, they are¯uor-escent in the presence of CP-actin and are Ca 2 -sensitive ( Figure 5 (b)). They are not¯uorescent when the label is on Tm. Thus, they must correspond to TnI-actin photocrosslinking.
For BP-TnI104 ÁTnC, there are two and three TnITnC photocrosslinking bands in the presence and absence of Ca 2 , respectively. In TnI Á TnC Á TnT there is only one band in the presence of Ca 2 , while the three bands are preserved in its absence ( Figure 6 (a), panels 1 and 2). The fact that all three bands are¯uorescent when TnC is¯uorescently labeled (panel 3) con®rms that they all correspond to TnI-TnC crosslinking. The overall TnI-TnC photocrosslinking yield is higher in TnI ÁTnC Á TnT than in TnI ÁTnC. TnI-TnT photocrosslinking appears to be minimal. In Tn ÁTm Á F-actin,¯uor-escent 50-60 kDa bands are present when CP-actin is present, but not when CP-Tm is present (Figure 6 (b), panels 1, 2 and 4), indicating that they correspond to TnI-actin photocrosslinking. The yield of this photocrosslinking is much reduced in the 4Ca 2 state. In contrast, the yield of the TnITnC photocrosslinking yield is much higher in the same condition when¯uorescently labeled TnC is present (panel 3). This is the ®rst direct evidence for the switching of a TnI residue in the inhibitory region between TnC and actin in the complete system.
For BP-TnI121 there are two intense TnI-TnC photocrosslinking bands in both TnI ÁTnC and TnIÁTnCÁTnT with slight Ca 2 -dependence (Figure 7(a) ). TnI-TnT photocrosslinking is observed in the absence but not in the presence of Ca 2 . This is the only instance in which Ca 2 -sensitive TnI-TnT photocrosslinking is observed, but the yield is considerably lower than for TnI64 or TnI89. No 50-60 kDa crosslinking bands are present in TnÁTmÁF-actin (Figure 7(b) ), indicating that TnI residue 121 is not in the vicinity of actin, Tm or TnT. It is, however, still in the vicinity of TnC, both in the presence and absence of Ca 2 , as evidenced by the¯uorescent bands in the experiment carried out with¯uorescently labeled TnC (Figure 7, panel 4) . For BP-TnI133 two TnI-TnC photocrosslinking bands are present in both TnIÁTnC and TnIÁTnCÁTnT (Figure 8(a) ). In TnIÁTnCÁTnT, the upper band is signi®cantly decreased in the absence of Ca 2 . No TnI-TnT crosslinking is evident. In Tn Á Tm Á F-actin a 50-60 kDa band is present in the absence of Ca 2 , but is almost undetectable in its presence (Figure 8(b) , panel 1). This band is¯uorescent with CP-actin, but not with CP-Tm (panels 2 and 4), indicating that it corresponds to TnI-actin photocrosslinking. As for TnI104, a single¯uorescent TnI-TnC photocrosslinking band is present when TnC was labeled (panel 3). This band is only present in the presence of Ca 2 , indicating that this TnI region also undergoes Ca 2 -dependent switching between TnC and actin.
For both BP-TnI155 and BP-TnI179, single TnITnC crosslinking bands are observed in both TnIÁTnC and TnIÁTnCÁTnT, with more Ca 2 -enhancement for BP-TnI179 (Figure 9(a) ). Lowyield Ca 2 -independent TnI-TnT crosslinking is observed for both mutants, with multiple bands for BP-TnI155. In the thin ®lament there is some Ca 2 -dependent TnI-actin photocrosslinking for both mutants, but the yields are much lower than those with TnI104 or TnI133 (Figure 9(b) ).
Tn molecules reconstituted with each unlabeled or labeled TnI mutant were tested for their ability to regulate the ATPase activity of S1 Á Tn Á Tm Á Factin or myo®brils whose endogenous TnC and TnI had been extracted using procedures described by Luo et al. (1997) . The Ca 2 -free ATPase activities of samples reconstituted with each of the TnI mutants, labeled or unlabeled, differ by less than 10 % from that of the control (Tn reconstituted with native rabbit skeletal subunits). The same is true of the Ca 2 -activated activity, with the exception of TnI121, BP-TnI121 and BP-TnI64. For these mutants, Ca 2 can still activate the ATPase but the extent of activation is lower than that of the control. These special cases are being studied in more detail and the results will be published later. This relatively small impairment is likely to re¯ect subtle alterations in the mutants that affect their interactions with TnC and TnT, and not gross changes in the proximity relations between these subunits. This is supported by our observation that none of the subunits dissociated from Tn in the thin ®laments on high speed sedimentation.
Discussion
The objective of this work was to map the interactions between regions of TnI with other thin ®la-ment components using full-length BP-labeled single cysteine TnI mutants rather than fragments of TnI. As summarized by Tao et al. (1985) and Prestwich (1994) , the BP moiety will undergo high-yield photoreaction indiscriminately with most amino acid residues that are within $10 A Ê , the span between the maleimidyl group attachment site and the carbonyl carbon atom of BP. Thus the detection of a BP-mediated photocrosslinking band would be indicative of proximity between the photolabeled site in TnI and another protein(s). Below we will ®rst discuss features that are speci®c for each mutant as well as those that are common to groups of mutants. This will be followed by the presentation of a structural and functional model for TnI.
TnI6: interactions with TnC's C-domain cleft
The dominant feature for TnI6 is that there is little or no photocrosslinking to TnT or actin, but high-yield photocrosslinking to TnC under all conditions. This indicates that the region near the N terminus of TnI is in close contact with TnC both in the presence and absence of Ca 2 . The recently determined crystal structure of the TnI 1-47 Á TnC complex revealed that residues 3-33 of this peptide form an a-helix, with residues 13-29 interacting with TnC's C-domain cleft (Vassylyev et al., 1998) . Although TnI residue 6 in this structure is not in the cleft proper, it is in the vicinity of helices G and H, so that if a photolabel were attached to this residue, high-yield photocrosslinking to TnC could be expected. Our results therefore indicate that this aspect of the structure is likely to be retained in the solution structures of TnI Á TnC and TnI Á TnC Á TnT containing intact TnI.
Based on their ®nding that TnI 1-47 competes for TnC binding with TnI 96-115 and TnI 96-148 Tripet et al. (1997) suggested that in the intact system TnI's inhibitory region is bound at TnC's C-domain in the presence of Ca 2 , and is displaced by TnI's N terminus region in the absence of Ca 2 , thereby facilitating its translocation towards Tm Á actin. This, however, would give rise to much reduced interaction between TnI's N terminus region and TnC in the presence of Ca 2 . Our ®nding that BPTnI6 photocrosslinks to TnC strongly both in the absence and presence of Ca 2 argues against this notion.
TnI48, TnI64 and TnI89: interactions with TnT
These three mutants, particularly TnI64, are characterized by strong Ca 2 -independent photocrosslinking to TnT in TnI Á TnC Á TnT, clearly demonstrating that these residues are within a TnT-binding region. The higher photocrosslinking yield for TnI64 may indicate that residue 64 is closer to the center of this TnT-binding region. The fact that the TnI-TnT photocrosslinking is Ca 2 -independent and that TnI6, TnI48 and TnI64 do not photocrosslink to Tm or actin reinforce the view that the interactions in this region of the Tn complex play a structural, and not a regulatory role (Farah & Reinach, 1995) . Using a different photocrosslinker that labeled both Cys48 and Cys64 of TnI, Chong & Hodges (1982) found ef®-cient photocrosslinking to TnT. Since both cysteine molecules are labeled in this case, it is possible that only one or the other undergoes crosslinking with TnT. Our ®ndings here show conclusively that both residues interact with TnT. They are also in support of the proposal, based on sequence analysis (Pearlstone & Smillie, 1985) and a yeast twohybrid assay study (Stefancsik et al., 1998) that TnI residues 53-106 interact with TnT residues 205-255 via coiled coil formation.
It is signi®cant that for these mutants, the extent of TnI-TnC photocrosslinking is altered (TnI48) or suppressed (TnI64 and TnI89) in TnI Á TnC ÁTnT versus TnI Á TnC, implying that TnT alters the TnI-TnC interaction in this TnI region. It is possible that this region interacts with TnC in TnI Á TnC, but interacts preferentially with TnT and moves away from TnC in TnI Á TnC Á TnT. This scenario may also account for our observation that the distance between TnI Cys48 and Cys133 increases by 10 A Ê in the ternary versus binary complex (Luo et al., 1997) . We posit that upon the formation of a coiled coil with TnT, this region extends away from TnC's C-domain, so that residue 48 moves farther away from residue 133.
Aside from these three mutants, weak TnI-TnT photocrosslinking was also observed for TnI104, TnI121 and TnI155, suggesting that TnT may interact with C-terminal regions of TnI as well, although the primary interaction site is clearly in TnI's 48-90 region.
TnI89, TnI104 and TnI133: interactions with actin
Aside from TnT, BP-TnI89 also photocrosslinks to actin with moderate yield and Ca 2 -dependence. Thus, residue 89 appears to be at the border between the TnT and actin-interacting regions of TnI.
For TnI104 we interpret our observations as follows: in TnIÁ TnC Á TnT and the presence of Ca 2 the residue 104 region of TnI interacts relatively strongly with one TnC site, accounting for the single TnI-TnC photocrosslink band. The identity of this site is not yet known; however, it was reported that a TnI inhibitory peptide (TnI 104-115 ) labeled at its N terminus with BP photocrosslinked to residue 155 in the H-helix of TnC (Ngai et al., 1994) . In the absence of Ca 2 this region may partially dissociate from that TnC site and become free to interact with other TnC residues, as evidenced by the multiple TnI-TnC photocrosslinking bands in this condition. Synthetic peptides of the inhibitory region have been reported by some to bind to TnC's N-domain and by others to its Cdomain (reviewed by Farah & Reinach, 1995) . These discrepancies may be resolved by our results, since they show that the inhibitory region has the potential to interact with several TnC regions, so that small variations in experimental conditions can yield different results when isolated peptides are used. In the thin ®lament in the absence of Ca 2 , this TnI region would preferentially interact with actin and dissociate completely from TnC, as evidenced by the large increase in TnI-actin photocrosslinking and the large decrease in that of TnI-TnC. This switching has long been postulated to be the mechanism of TnI's action.
For TnI133, the TnI-TnC photocrosslinking yields are higher in TnI Á TnC Á TnT than in TnI Á TnC for both TnI104 and TnI133, suggesting that the presence of TnT in TnI Á TnC Á TnT stabilizes the interactions between the respective regions of TnI and TnC. This is in contrast to TnI64, TnI48 and TnI89, for which TnT weakens the TnI-TnC interactions.
We reported previously that native rabbit skeletal TnI labeled at Cys133 with BP-Mal photocrosslinks with actin in the absence but not in the presence of Ca 2 . This is con®rmed here using BP-labeled TnI133 (Figure 8(b) ). Our new results obtained with¯uorescently labeled TnC and actin indicate that this TnI region undergoes Ca 2 -dependent translocation away Troponin I Photocrosslinking from TnC, as well as towards, actin. Recently Tripet et al. (1997) suggested that TnI residues 140-148 constitute a second Tm Áactin binding site. Since Cys133 is only seven residues away from Leu140, our results suggest that in the intact ®la-ment residue 133 along with residues 140-148 may be part of a larger region that interacts with actin in a Ca 2 -dependent manner.
TnI121: interactions with TnC's N-domain cleft
TnI121 is characterized by the complete absence of photocrosslinking to actin and high yield, virtually Ca 2 -insensitive photocrosslinking to TnC at two sites. Our recent work (Luo et al., 1999) has shown that BP attached at either residue 48 or 82 on either side of TnC's N-domain cleft photocrosslinked to TnI Met121, showing conclusively that this residue is part of the TnI region that binds at TnC's N-domain cleft when the latter is open. Thus it is likely that the two target sites in TnC observed here are in the D-helix and the B-C linker. The observation that the crosslinking yield is only slightly Ca 2 -sensitive indicates that upon the removal of Ca 2 and the closing of TnC's N-terminal cleft, this segment of TnI moves out of the cleft but remains in its vicinity so that ef®cient photocrosslinking to the two TnC sites can still occur. This is in excellent accord with our earlier observation that BP-TnC48 and BP-TnC82 also photocrosslink to TnI Met121 with only a small degree of Ca 2 -dependence (Luo et al., 1999) , and with the lack of photocrosslinking with actin observed in this work. We speculate that, rather than translocating towards actin, the Met121 region of TnI (most likely the amphiphilic segment 114-127, termed the``triggering'' region hereafter) remains close to TnC's regulatory N-domain cleft in the absence of Ca 2 , so that it can move swiftly into the cleft upon the binding of Ca 2 . These relatively small movements of the triggering region must, nevertheless, trigger the movements of the regions anking it to and from actin.
TnI155 and TnI179
For these mutants, relatively low-yield photocrosslinking to TnC, TnT and actin was observed. The yields for TnI-actin photocrosslinking were higher in the absence than in the presence of Ca 2 , suggesting the possibility that the C-terminal region of TnI also interacts with actin in a Ca 2 -dependent manner. This was also suggested by Farrah et al. (1994) , who reported that Tn reconstituted with TnI 1-156 retained the ability to activate, but its inhibitory activity was impaired. The observation that these mutants photocrosslinked to all the thin ®lament components except Tm may indicate that this region is the point of convergence for all of them, but we stress that the low yields preclude any de®nitive conclusion.
Tm interactions
It is striking that none of the mutants exhibits photocrosslinking to Tm. This was either tested directly using¯uorescently labeled Tm, or inferred from the lack of any photocrosslinking product in the M r 50-60 kDa range in the thin ®lament. It seems unlikely that all nine residues are fortuitously at unfavorable locations for TnI-Tm photocrosslinking to occur if TnI-Tm interaction does take place. The mechanism whereby the thin ®la-ment is switched from the activated to the inhibited state upon the removal of Ca 2 is still not clear. One possibility is that it occurs via a direct interaction between TnI and Tm in the regulated thin ®lament. Our ®ndings here argue against this possibility, and that other mechanisms should be considered.
A structural and functional model for TnI and TnC in the Tn complex Based on the results from this work and many published reports we now have suf®cient information to construct a model for the disposition of TnI's structural and functional domains with respect to TnC, with TnT present in the ternary Tn complex (Figure 10 ). We ®rst assume that TnC's central helix is straight as in the crystal structures of free TnC (Herzberg & James, 1985; Houdusse et al., 1997) , rather than bent as in the structure of TnI 1-47 ÁTnC (Vassylyev et al., 1998) . This is supported by low-angle scattering Stone et al., 1998) and resonance energy transfer (Gong et al., 1994) studies with intact proteins in solution. We then postulate that TnI is a single, largely a-helical, strand that winds around the various regions of TnC. This is based on the consideration that all nine single cysteine residue TnI mutants photocrosslinked to TnC (here) and all 15 single cysteine residue TnC mutants photocrosslinked to TnI . This indicates that every portion of TnC is in the vicinity of some portion of TnI, and vice versa. This extensive contact between TnI and TnC is also evidenced by earlier fragment (Grabarek et al., 1981; Syska et al., 1976) and zero-length crosslinking (Kobayashi et al., 1995) results. Given TnI's M r versus that of TnC's (21 versus 18 kDa), it would be dif®cult to achieve this extensive contact if TnI had one or more globular domains. The a-helical segments of TnI are predicted by sequence analysis using the methods described by Chou & Fasman (1974) and Rost & Sander (1993) . This analysis also predicts turns at residues 40, 50, 86, 110, 128 and 156. The relationship between the N terminus segment of TnI (residues 1-33) and TnC's C-domain is assumed to be the same as in the structure of TnI 1-47 ÁTnC (Vassylyev et al., 1998) , i.e. the a-helical TnI segment enters TnC's C-domain cleft at the G-H side and exists from the E-F side. This is supported by our ®ndings that BP-TnC158 (mutation site in the H-helix) photocrosslinks to Met21 of TnI (Leszyk et al., 1998) , and BP-TnI6 to TnC Ser133 in the G-helix (Y.L., J. Leszyk, J.G. & T.T., unpublished results).
For TnI's 34-89 segment, the fact that TnC labeled with BP at Cys98 (near the end of helix E) photocrosslinked to TnI residues 103-111 (Leszyk et al., 1987 (Leszyk et al., , 1988 means that starting near helices E and F it must return to the end of helix E, resulting in the intervening sequence forming a loop. This loop is likely to have a bend at residue $50 owing to the presence of proline residues at positions 49, 50 and 53. In TnIÁTnC, this loop may fold back beneath the C-domain of TnC, as indicated by the substantial photocrosslinking of TnI48, TnI64 and TnI89 with TnC (here). In TnI ÁTnC Á TnT this loop may extend away from TnC's C-domain as indicated by the reduction in TnI-TnC photocrosslinking for TnI48 and TnI64 (here), and the increase in distance between residues 48 and 133 of TnI (Luo et al., 1997) in TnIÁTnCÁTnT versus TnIÁTnC. The possible formation of a coiled coil between the TnT-binding region in this segment (residues 48-89) and TnT can facilitate such an extention. The exact length and spatial orientation of this loop are unknown. The placement of this region as shown in Figure 10 is based on the following constraints: the distance from TnI Cys48 to TnI Cys133 (near TnC's residue 12) is 51 A Ê (Luo et al., 1997) , and that to TnC Cys98 is 40 A Ê (Jiang et al., 1995) .
Our placement of the inhibitory and triggering regions is governed by our previous results which showed that TnC98 photocrosslinks to TnI 103-111 (Leszyk et al., 1987 (Leszyk et al., , 1988 , TnC89 to TnI 108-113 (Kobayashi et al., 1994) , TnC57 to TnI 113-121 (Kobayashi et al., 1991) , TnC48 and TnC82 to TnI Met121 (Luo et al., 1999) and TnC12 to TnI 132-141 (Kobayashi et al., 1994) . Thus the 90-113 segment containing the inhibitory region must interact with TnC's central helix, starting near the C terminus of TnC's E-helix and ending near the C-D helix side of TnC's N-domain cleft. The following segment, residues 114-125 (the triggering region), occupies the open N-domain cleft of TnC in the 4Ca 2 state (Figure 10(a) ). It enters between helices C and D and exits between helices A and B. The next TnI segment, residues 128-133, makes a turn towards the junction between TnC's A and N-helices so as to bring residue 133 into the vicinity of TnC residue 12. Our placement of these TnI segments is consistent with the NMR results of McKay et al. (1998 McKay et al. ( , 1997 McKay et al. ( , 1999 and very similar to that in the structure obtained by Vassylyev et al. (1998) 
Troponin I Photocrosslinking
For the model in the inhibited state (Figure 10(b) ), the 2Ca 2 ÁTnC crystal structure (Herzberg & James, 1985) was adopted as the structure of TnC. Since this structure differs from that of 4Ca 2 ÁTnC (Houdusse et al., 1997) mainly at the N-domain hydrophobic cleft, the N-terminal half of TnI, which interacts with TnC's C-domain and TnT, is therefore assumed to be the same as that shown in Figure 10(a) . The closing of TnC's Nterminal cleft would clearly force the N-terminal portion of the triggering region out of the cleft. We noticed that Met25, Phe26 (A-helix), Met45 and Leu46 (B-helix) near TnC's N-domain cleft remain exposed and form a hydrophobic patch even when the cleft is closed. (Herzberg & James, 1985) . Thus it seems reasonable that in the inhibited state Leu125 and Leu126 at the C-terminal end of the triggering region remain attached to these TnC residues, and prevent the movement of the triggering region towards actin. The movement of the triggering region out of TnC's N-terminal cleft must nevertheless trigger the movements of the two actin-binding regions towards actin. Exactly how this occurs is not obvious from the model, and the two actin-binding regions are only depicted as being farther away from TnC.
In closing, we comment that research on the TnTm regulatory system has advanced signi®cantly owing to the convergence of many approaches taken in various laboratories. The model in Figure 10 is a summary of the latest advancement in understanding the structure-function relationships of TnI and TnC. However, many of the details in the model remain to be veri®ed by further experiments, especially by high-resolution structural studies.
Materials and Methods
Chemicals
Common reagents of the highest grade available were from Sigma. Hepes was from Research Organics (Cleveland, OH) and BP-Mal from Molecular Probes (Eugene, OR). Materials for recombinant DNA procedures were from New England Biolabs (Beverly, MA) and US Biochemicals (Cleveland, OH), for SDS-PAGE from Bio-Rad (Hercule, CA), and BCA protein assay from Pierce (Rockford, IL).
Proteins
TnI, TnC, TnT, Tm and actin were puri®ed from rabbit skeletal muscle according to established methods (Greaser & Gergely, 1973; Spudich & Watt, 1971) . Rabbit skeletal myosin was prepared as described (Wagner & Yount, 1975) and stored in 50 % glycerol at À20 C. Chymotryptic S1 was prepared from puri®ed myosin as described by Weeds & Taylor (1975) . Single cysteine residue mutants of TnI were prepared by the PCR mutagenesis method of overlap extension (Ho et al., 1989) as described by Luo et al. (1997) . TnC5 was constructed using methods described by Wang et al. (1992) .
Labeling of TnI mutants with BP-Mal and of TnC5 with CP-Mal was carried out in a denaturing medium containing 10 mM Hepes (pH 7.5), 4 M GdmCl, 0.1 M NaCl and 2 mM EDTA as described by Luo et al. (1997) . Tm was labeled with CP-Mal with the same procedure in the above buffer with GdmCl omitted. Actin labeling was as described by Luo et al. (1999) . The extinction coef®cients used were e 280 13,000 M À1 cm À1 for BP; e 387 29,700 M À1 cm À1 for CP moiety, e 280 0.18, 0.4, 0.24 and 1.09 (mg/ml) À1 cm À1 for TnC, TnI, Tm and actin, respectively. Labeled TnC5, Tm and actin were shown to retain largely their regulatory properties by Tao et al. (1995) , Lamkin et al. (1983) and Tao et al. (1983) , respectively.
TnI Á TnC, TnIÁ TnC ÁTnT, and Tn Á TmÁ F-actin were reconstituted with the labeled and unlabeled proteins following the procedure described by Luo et al. (1999) .
Photocrosslinking
The samples were exposed to UV light in borosilicate glass tubes for 30 minutes in the cold room as described by Tao et al. (1985) . To change the metal ion conditions from the 4Ca 2 to the 2Mg 2 -state 2 mM EGTA and 6 mM MgCl 2 were added to aliquots of samples containing 0.2 mM CaCl 2 prior to irradiation.
Miscellaneous
The polymerization state of actin and the binding of Tn subunits (before and after irradiation) to the Tm ÁF-actin ®laments were checked by centrifuging aliquots of each sample in a Beckman TL-100 Ultracentrifuge at 300,000 g for 30 minutes. The supernatants and the pellets, the latter redissolved with F-actin buffer containing 1 % SDS in the original volume, were then examined by SDS-PAGE.
The regulatory properties of the TnI mutant, labeled and unlabeled, were examined using a S1ÁTmÁF-actin or myo®brillar ATPase assay as described by Luo et al. (1997) .
